This manuscript presents a method to determine the optimal ionospheric shell height (= effective height of an assumed thin ionospheric shell) based on TEC measurements and DCB code biases. The method is a further development and validation of a method developed by the same authors.
applied to other IGS stations around these two reference stations. Daily DCBs are 22 calculated according to these two optimal shell heights and compared to respective 23 DCBs released by CODE. The validation results of this method present that 1) 24
Optimal ionospheric shell height calculated by IGS stations can be applied to its 25 nearby non-IGS stations or isolated GNSS receivers for accurate TEC estimation. 2) 26
As the distance away from the reference IGS station becomes larger, the DCB 27 estimation error becomes larger. The relation between the DCB estimation error and 28 the distance is generally linear. TEC along the path of signal can be estimated by using differencing the pseudorange 38 or carrier phase observations from dual-frequency GPS signals. Carrier phase 39 leveling/smoothing of code measurement is widely adopted to improve the precision 40 of absolute TEC observations (Mannucci et al., 1998; Horvath and Crozier, 2007) . In 41 general, it is considered that the derived TEC in carrier phase leveling/smoothing 42 technique consists of slant TEC (STEC), the combination differential code bias (DCB) 43 of satellite and receiver, multipath effects and noise. The DCB is usually considered 44 as the main error source and could be as large as several TECu (Lanyi and Roth, 1988 ; 45 Warnant 1997) . 46 For TEC and DCB estimations, mapping function with single layer model (SLM) 47 assumption have been intensively studied for many years. Sovers and Fanselow (1987) proposed an inverse method for estimate the shell height by using simultaneous 77 VTEC and STEC observations, and suggested the shell height is preferred to be a 78 value between 600 and 1200 km. Nava et al. the optimal ionospheric shell height models improve the accuracies of DCB and TEC 103 estimation comparing to fixed ionospheric shell height of 400 km in a statistical sense.
We also found that the optimal ionospheric shell height show 11-year and 1-year 105 periods and is related to the solar activity, which indicated the connection of the 106 optimal shell height with ionospheric physics. 107
While the proposed optimal ionospheric shell height model is promising for 108 DCB and TEC estimation, this method also can be implemented to isolated GNSS 109 receivers not belonging to IGS stations, if we can get the long-term observations and 110 reference values of DCB from the isolated GNSS receivers. The purpose of this study 111 is to investigate the application of the optimal ionospheric shell height derived from 112 IGS station to non-IGS stations. By considering the spatial correlation of ionospheric 113 electron density, it is intuitive and practical to adopt the optimal ionospheric shell 114 height of a nearby IGS station for the non-IGS stations. 115
The purpose of this study is to investigate the feasibility of applying the optimal 116 ionospheric shell height derived from IGS station to nearby non-IGS GNSS receivers 117 for accurate TEC/DCB estimation. By selecting two different regions in U.S. and 118
Europe with dense IGS stations, we calculate the daily DCBs of 2014 by using the 119 optimal ionospheric shell heights derived from 2003-2013 data of two central stations 120 in two regions. We also try to find the DCB estimation error and its relation to 121 distance away from the central reference station. 122
123

Method 124
In (Zhao and Zhou, 2018), we proposed a concept of optimal ionospheric shell height 125 for accurate TEC and DCB estimation. Based on daily data of single site, this 126 approach searches daily optimal ionospheric shell height, which minimizes the 127 difference between the DCBs calculated by VTEC model for single site and reference 128 values of DCB. For a single site, its long-term daily optimal ionospheric shell heights 129 can be estimated and then modeled. In our case, the polynomial model (Wild, 1994 ; 130 Komjathy, 1997 ) is applied to estimate satellite and receiver DCBs, and the DCBs 131 provided by CODE are used as the reference. 132
In the polynomial model, the VTEC is considered as a Taylor series expansion in 133 latitude and solar hour angle, which is expressed as follows: 134 00 00 case, a VTEC model is generated over 3 hours of time, therefore 8 VTEC models are 140 applied per day. DCB is considered as constant in one day. Since our analysis is based 141 on long-term single site data, we set m and n to 4 and 3, respectively. Huang and 142
Yuan (2014) applied the polynomial model with the same orders to TEC estimation. 143
Based on the thin shell approximation, the observation equation can be written 144 as: 145 (Lomb, 1976 ; 230 Scargle, 1982) . As can be found in Figure 3 , the peaks correspond to 11-year, 1-year, 231 6-month and 4-month cycles. The amplitudes of 11-year and 1-year cycles are moreevident than other periods in both two stations. Note that the frequencies above 0.01 233 per day are discarded because of their small amplitudes. As mentioned earlier, 0.01 234 per day is about the maximum frequency of (6). This result shows that the optimal 235 ionospheric shell height of GOLD and PTBB is periodic, and the 40th-order of 236
Fourier series is suitable for modelling its variation. In this study, we investigate the implementation and validation of optimal ionospheric 330 shell height derived from IGS station to non-IGS station or isolated GNSS receiver. 331
We establish two optimal ionospheric shell height models by the 40th-order of Fourier 332 series based on the data of IGS station GOLD and PTBB in two separate regions 333 
